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Mammals express two isoforms of arginase, designated types I and II. Arginase I is a component of the urea
cycle, and inherited defects in arginase I have deleterious consequences in humans. In contrast, the physiologic
role of arginase II has not been defined, and no deficiencies in arginase II have been identified in humans. Mice
with a disruption in the arginase II gene were created to investigate the role of this enzyme. Homozygous
arginase II-deficient mice were viable and apparently indistinguishable from wild-type mice, except for an
elevated plasma arginine level which indicates that arginase II plays an important role in arginine homeosta-
sis.

Recognition of the importance of arginine in mammalian
physiology has risen dramatically with the demonstration that
it is the substrate for synthesis of nitric oxide. Arginine is not
generally considered to be an essential amino acid in healthy
adults, but it is essential in several species of newborn animals
(15, 16). Moreover, arginine depletion can occur in pathophys-
iologic conditions such as sepsis and trauma (8, 9) or following
surgical resection of the small bowel (23). Regulation of argi-
nine homeostasis is complex and involves dietary intake, syn-
thesis in the kidney, and its utilization by arginases and other
arginine catabolic enzymes (1, 17).

Arginase (L-arginine ureohydrolase, EC 3.4.3.1) catalyzes
the hydrolysis of arginine to ornithine and urea. In mammals,
there are two isoforms of arginase. Arginase I is found in the
cytosol and is the isoform that participates in the urea cycle
and is expressed at high levels in the liver of ureotelic animals.
The arginase I cDNA and gene have been cloned (4, 5, 11), and
extensive reviews are available (7, 10). A deficiency in arginase
I in humans results in the clinical disease argininemia (2). In
contrast to arginase I, arginase II is localized in the mitochon-
dria. It has a wide tissue distribution, being most highly ex-
pressed in the prostate and kidney and poorly expressed in the
liver (18, 22). The role of arginase II in mammalian physiology
is not completely understood but is speculated to involve the
synthesis of proline and glutamate and/or polyamines (24). No
human disease has been associated with a deficiency in argi-
nase II. The cDNA and gene for arginase II have been cloned
(6, 18, 20, 22). In an effort to provide insight into the physio-
logical role of arginase II, we constructed a murine model for
the deficiency of this gene.

MATERIALS AND METHODS

DNA was prepared from tail clippings of 3-week-old pups. Genotyping was
performed by Southern hybridization and PCR. Primers used for PCRs were the
following: forward primer for both the wild-type and mutant genes, TCCTTTC
TCCTGTCTAATTC, reverse primer for the wild-type gene, CTAGCATCTAA
TTGACTGCC; and reverse primer for the mutant gene, CCATGATGGATAC
TTTCTC. The PCR product for the wild-type gene was 510 bp in length, and for
the mutant it was 900 bp in length.

Determination of arginase activity. Mice were bred until 8 to 10 weeks old.
Single kidneys were removed from the animals at autopsy, weighed, and placed
in a fivefold volume (weight per volume) of lysis buffer (0.1 M NaCl, 10 mM Tris
[pH 8.0]). Samples were homogenized thoroughly with a PRO Scientific, Inc.,
model PRO250 homogenizer in a glass tube. The enzyme assay protocol was
adapted from that of Nuzum and Snodgrass (19).

Plasma and urine arginine analysis. Plasma was taken from the animals by
orbital sinus bleeding with heparinized capillary tubes (Fisher catalog no. 2501).
Amino acid levels were determined on a Beckman model 6300 amino acid
analyzer.

Statistical analysis. Data were analyzed using analysis of variance tests. A P
value of less than 0.01 was considered to be significant.

RESULTS

Generation of mice lacking a functional arginase II gene. A
20-kb fragment of mouse genomic DNA containing the argi-
nase II gene was isolated by screening a 129sv/Ev mouse
genomic library in lambda FIXII vector (Stratagene catalog no.
946305) (20). This phage contained exons 3 to 7 of the arginase
II gene as confirmed by sequencing. The targeting vector was
constructed by removing an internal KpnI fragment and replac-
ing it with a neomycin resistance cassette containing an RNA
polymerase II promoter and bovine growth hormone polyad-
enylation sequence (12, 21) (Fig. 1). The construction also
included the herpes simplex virus thymidine kinase gene for
selection (3, 13). In the final construct, parts of exons 4 and 5
of the arginase gene were deleted, and the result was a frame
shift in the final mRNA product. The embryonic stem cell line
was electroporated with the linearized targeting vector DNA,
and neomycin-resistant colonies were selected in G418-con-
taining medium Successfully targeted cell lines were identified
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by Southern blot hybridization with both a 59 flanking probe
and a 39 flanking probe.

Two positive colonies were expanded. Homologous recom-
bination was confirmed by Southern blotting. Cells from two of
the clones were injected into C57BL/6J blastocysts and gave
rise to germ line chimeras. Male chimeras with germ line
transmission were bred to C57BL/6J females to establish hy-
brid F1 progeny. Confirmation that the appropriate genomic
rearrangement had occurred was provided by Southern anal-
ysis of the DNA from all genotypes (Fig. 2).

Heterozygous (argII/argIImut) mice were interbred and pro-
duced the expected 1:2:1 ratio of wild-type, heterozygous, and
homozygous offspring (327 animals analyzed). Functional in-
activation of the arginase II gene was confirmed by assaying
the enzyme in the kidney. The data shown in Table 1 demon-
strate that enzymatic activity for arginase is completely defi-
cient in the kidney of homozygous arginase II-deficient ani-
mals. Interestingly, the level of activity in heterozygous animals
is less than the normal amount but not the expected half-
normal level. The significance of this observation, if any, is

difficult to assess due to the large variation encountered in this
assay. Northern blotting of mRNA from the mutant animals
revealed the presence of a band similar in both intensity and
size to the normal arginase II mRNA, as expected for a tran-
script of the modified gene.

Homozygous arginase II-deficient animals are completely
fertile and do not have a readily distinguishable phenotype.
The results of all anatomical and histochemical studies on
mutant animals were within normal limits.

Polyamine and amino acid analysis. Given the potential role
of arginase in amino acid and polyamine biosynthesis, we eval-
uated these pathways with metabolite assays. Polyamines were
measured in several tissues including brain, liver, kidney, and
testes. No significant differences were detected between mu-
tant and normal animals. We also analyzed polyamines in
cultured skin fibroblasts from both mutant and normal animals
and found no significant differences. Plasma amino acid levels
in adult mice were measured at 8 to 10 weeks of age. These
data are provided in Table 2. There was a significant difference
in plasma arginine levels between wild-type and homozygous
arginase II-deficient animals (P 5 0.0017) and between wild-
type and heterozygous animals (P 5 0.0008). There was a trend
toward elevated ornithine levels in the homozygous arginase
II-deficient mice, but the differences were not statistically sig-
nificant. The other amino acids showed no significant differ-
ences among the genotypes. Analysis of urinary amino acids
did not reveal any significant differences between wild-type and
mutant animals.

FIG. 1. Generation of a targeted disruption of the murine arginase
II locus. The structure of the arginase II gene used for construction is
illustrated on the upper line, and the final targeting construct is shown
below. The final construct spans a total of 6.7 kb from the 59 EcoRI site
to the 39 SacI site. The KpnI-to-KpnI fragment that was targeted
contains portions of exons 4 and 5. The positions of the 59 and 39
probes used for delineation of the targeted event are illustrated. Re-
striction enzymes are designated as follows: E, EcoRI; K, KpnI; S, SacI.
The selectable markers are neomycin acetyltransferase (NEO) and
herpes simplex virus thymidylate kinase (TK). Exons are represented
by shaded boxes and are designated E3 through E7.

FIG. 2. Proof of transmittal of the disrupted allele. A Southern blot of DNA, isolated as described, digested with KpnI, and hybridized with
radioactively labeled 59 probe or 39 probe is shown. The genotypes of the samples are designated above the lanes, and the sizes of the fragments
are shown on the right of each panel.

TABLE 1. Arginase activity in adult kidney

Genotype No. of
animals Activitya

argII/argII 20 295.6 6 212
argII/argIImut 20 238.8 6 186
argIImut/argIImut 20 3.9 6 4.1

a Activity is expressed as micromoles of urea formed per hour per gram (wet
weight) of tissue 6 1 standard deviation.
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DISCUSSION

In the present study, we demonstrate that we have created
mice deficient in arginase II. The mice had hyperargininemia
but were normal with respect to related amino acids (Table 2).

Results of metabolic-labeling studies have suggested that
arginase degradation and/or dietary intake are the primary
regulators of arginine homeostasis. In support of this notion,
our results indicate that arginine catabolism via arginase II is
an important factor in arginine homeostasis. Furthermore, the
absence of any significant alteration in plasma citrulline levels
(Table 2) suggests that there have been no compensatory
changes in rates of arginine synthesis via the intestinal-renal
axis in the homozygous arginase II-deficient mice.

The activity of arginase II in the mammary gland is greatly
increased during lactogenesis, and it has been postulated that
this occurs to enhance the capacity for synthesis of proline or
glutamate for milk (14, 25). However, there was no apparent
deficiency in nutrients in the milk of homozygous arginase
II-deficient mice, because the growth rates of their pups prior
to weaning were indistinguishable from those of wild-type
pups.

Unlike the cases of arginase I deficiency, our results suggest
that a deficiency in arginase II in humans is possibly a benign
trait, at least in otherwise healthy individuals. However, it is
possible that a deficiency in arginase II would be deleterious
under conditions of disease or injury, and experiments are
under way to test this possibility.
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TABLE 2. Concentrations of related plasma amino acids
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